Our goal was to develop a convenient and widely applicable procedure for gene cloning based on flow cytometry. To this purpose, we have developed an efficient protocol for DNA transfection and selection of rare transfectants. Transfection by calcium phosphate co-precipitation was extensively investigated. The use of specific batches of calcium chloride, of carrier DNA purifed in guanidinium thiocyanate, and of plasmid DNA banded in cesium chloride proved crucial for high efficiency of transfection. Several tissue culture parameters were also found critical. With the optimized procedure we can transfect almost 10Oo/o of the COS-7 cells with cDNA encoding cell surface antigens or green fluorescent protein. Moreover, we routinely obtain high average levels
Introduction
Cell sorting in flow cytometry is a sensitive and efficient procedure (Lampariello, 1994; Kavathas and Herzenberg, 1986; Parks et al., 1986) . However, it has seldom been applied to gene cloning (Simmons et Seed and Aruffo, 1987) . The purpose of the present work was to increase the efficiency of current transfection and selection protocols to make flow cytometry widely applicable to expression gene cloning. A prototypical and widely used expression cloning procedure is based on the screening of cDNA libraries constructed in the CDM8 vector (Seed and Aruffo, 1987) . CDM8 replicates as an episome in COS-7 cells. cDNA libraries in CDM8 are transfected in COS-7 cells and the cells expressing the surface antigen of interest are selected with specific antibodies. The episomal cDNAKDM8 construct can be rescued and essentially cloned by ' Supported by the Italian Association for Cancer Research and by the Italian National Research Council, Convenzione CNI-Consorzio Mario Negri Sud, ACRO contract no. 94.01319.39 and Progetto Bilaterale contract no. 93.00870.CT04. MS and AMN are recipients of a fellowship from the Centro di Formazione e Studi peril Mezzogiorno-FORME2 (Progetto speciale "Ricerca Scientifica applicata ne1 Mezzogiorno"). MF is a recipient of a fellowship from the Italian Association for Cancer Research, Milano. Italy. lowed by two centrifugations over cesium chloride/ethidium bromide gradients (Sambrook et al., 1989) . Plasmid DNA was also prepared using Qiagen (Genenco, Italy) columns according to the manufacturer's instructions or by alkaline or phenol lysis as minipreps (Sambrook et al.. 1989) .
DNA Transfection by Calcium Phosphate Co-precipitation. The basic procedure has been previously described (Alberti et al., 1994; Alberti and Herzenberg, 1988; Sambrook et al., 1989) . Our optimized procedure is as follows. One million COS-7 cells in optimal growth conditions were collected with pretested 1 x PBS-EDTA and seeded in 7 ml of culture medium in a 10-cm-diameter dish (Nunclon; Nunc, Naperville, IL) either 8 or 24 hr before the transfection. Routinely, 5-20 pg ofcarrier genomic DNA purified in GITC and 10 pg of plasmid DNA banded in CsCl in 0.5 ml was used per Petri dish. CaCh was added to a final concentration of 250 mM and the DNA solution was mixed with an equal volume of 2 x HEPESbuffered saline, pH 7.1 (HBS). COS-7 cells were washed once with medium, the DNA precipitate was added, and the dishes were incubated at 37'C. After 24 hr the transfected dishes were washed three times with PBS and further incubated for 24-48 hr before analysis or sorting. The glycerol shock was performed essentially as described (Attardi, 1992; Lopata et al., 1984) . Briefly cells in 10-cm-diameter dishes were treated with 3 ml of 15% glycerol in 150 mM NaCI, 20 mM HEPES, pH 7, after a wash in DMEM without serum. Cells were exposed to the glycerol solution for 0.5, 1, or 2 min, washed twice, and fed with culture medium.
Antibodies. The 162-21.2 anti-Trop-1, 162-46.2 and Tl6 anti-Trop-2 (Alberti et al.. 1992; Lipinski et al., 1981) and 187.1 anti-mouse ~-1ight chain (ATCC; Rockville, MD) hybridomas were grown as ascites in Balb/c mice. Purified monoclonal antibodies (MAbs) (Hardy, 1986) were fluorescein isothiocyanate-conjugated (FITC) using conventional methods. Unconjugated OX-34 anti-rCD2 MAb (Williams et al., 1987) was followed by incubation with FITC-goat anti-mouse immunoglobulin (Serotec; Oxford, UK). Unconjugated sheep anti-mouse IgG antiserum was also obtained from Serotec. Control stainings were performed using iso-and allotype-matched MAbs with irrelevant specificity.
CeU-Staining, Immunofluorescence Analysis, and Cell Sorting. We used MAb amounts that did not stain the negative controls, i.e., untransfected or mock-transfected COS-7 cells, while staining positive cells as close to saturation as possible (Hardy, 1986) . In most cases, 0.3 pg MAb per 2 x 10' cells in 200 wl proved adequate. Fluorescence analysis and sorts were made on a FACS IV or a FACSTAR (Becton Dickinson; Sunnyvale, CA), used essentially as described (Parks et al., 1986) . To improve the detection of transfectants dimly stained with FITC-MAb, subtraction of cell autofluorescence (Alberti et al., 1987) and displacement of FIX-stained cells in the red channel (Albert et al., 1991) were applied. The latter procedure enabled us to distinguish true transfectants from cells uptaking shedded antigen (see below). Forward scattter. side scatter, and propidium iodide gating were routinely used to eliminate dead cells and debris from the analysis and sorts. Figures 1-3 and 5-7 are log. immunofluorescence profiles of 5000 cells. Figure 4 is a contour plot analysis of 10,000 cells. For best comparison, all tables and figures except for Figure 7 present data obtained during the same experiment (see below). Because the excitation and emission spectra of the GFP significantly overlap with those of FITC (Chalfie et al.. 1994) , GFP was detected with the FITC optical settings.
The percentage of positive cells was quantified by gating both in the red and in the green dimension and substrating the percentage of stained control cells inside the gate (see below; and Lampariello, 1994) . Comparing different experimental groups by the percentage of staining cells can be misleading if the levels of expression are widely different. Therefore, we compared different transfectants by their net fluorescence. We defined the net fluorescence, expressed in arbitrary units (AU), as: arithmetic mean fluorescence of the stained transfected cellsarithmetic mean fluorescence of the stained control cells
The net fluorescence is an indicator of the total amount of protein produced in each transfection. Importantly, it does not depend on a specific procedure for estimating positive cells and includes dimly expressing cells. Some inaccuracy in net fluorescence estimates derives from incomplete saturation of antigen-antibody binding and from intermolecular quenching of the FITC emission. However, for comparison of different experimental groups rather than quantitation of absolute numbers of molecules, this procedure appears satisfactory enough. In this article we have interchangeably used the terms net fluorescence and efficiency of transfection.
CeU Separation with Dynabeads. In reconstitution experiments we mixed 99% of untransfected L-cells with 1% of stable TROPl transfectants with high levels of expression. The mixture was stained with FIX-anti-Trop-1 MAb. After washing, we added 10' Dynabeads (Brinchmann et al., 1988) conjugated with sheep anti-mouse IgG antisera and 187.1 MAb anti-mouse IC-light chain to 1.5 x lo6 mixed stained cells. After 1 hr of gentle rocking at 4°C. cells bound to the beads were separated with a magnet. Both bound and unbound cells were re-separated positively and negatively, respectively, two more times. The percentage of FIX-anti-Trop-1 MAb-stained cells was quantified by flow cytometry in both experimental groups. We observed no interference of the Dynabeads bound to the cells with the flow cytometric measurements.
Gene Cloning Procedure. Poly-A+ mRNA from OVCA-432 ovarian carcinoma cells was poly-T-primed and reverse-transcribed. The cDNA was size-selected and the fraction larger than 2 KB was used for construction of the cDNA expression library (Seed and Aruffo, 1987) . After ligation into BstXI-cut CDM8 vector, the library was transformed into MC1061/P3 bacteria by either electroporation or Rb-C1-mediated high-efficiency transformation. Transfection and selection of the library were performed as described above. Because expressing cells contain the transfected construct as an episome. we sorted TROP2 transfectants stained with the FITC-162-46.2 MAb directly in Hirt lysis buffer. After precipitation of the Hirt lysate with 1 M NaCI, the supernatant was used to transform bacteria. Plasmid DNA from the latter was used for a further round of transfection of COS-7 cells.
To estimate the abundance of TROP2 clones in the cDNA used, we plated a cDNAICDM8 unamplified library and screened it with the TROP2 probe as described (Sambrook et al., 1989) . Plasmid DNA from hybridizing colonies was analyzed by restriction mapping and hybridization to confirm the presence of a TROP2 insert.
Results
To achieve our goal of efficient expression gene cloning by flow cytometry, we compared and modified several transfection and selection procedures (Attardi, 1992; Puchalski and Fahl, 1992; Pilon et al., 1991; Rice et al., 1991; Seed and Aruffo, 1987) . The different protocols were assayed on COS-7 cells and results quantified on a cell by cell basis by immunofluorescence flow cytometry. The rCD2 cDNA (Williams et al., 1987) was used in most of the studies because of the high levels of expression after transfection and the efficient detection with the OX-34 MAb (Figures 2, 5A , and 6). However, similar results were obtained with the ICAM-1 (Simmons et al., 1988 ) (data not shown), the TROP2 (Fornaro et al., 1995) (Figures  1 , 3 , 4 , and 7), and the GFP (Chalfie et al., 1994) (Figure 5B ) cDNA, albeit with lower average levels of expression ( Figure 7E or 5B vs Figure >A ).
Transfection
Preliminary tests compared transfection by protoplast fusion, electroporation, lipofection, and co-precipitation in calcium phosphate.
Bacteria protoplasts containing rCD2 in CDM8 were fused either to COS-7 cells in suspension ( o i et al., 1983) or to COS-7 cells adherent to tissue culture dishes (Sandri-Goldin et al., 1981) . Disappointingly, our best result was the transfection of only 7.4% of adherent COS-7 cells. COS-7 cells were electroporated according to the electroporator manufacturer's instructions and published procedures (Puchalski and Fahl, 1992; Sambrook et al., 1989; Chu et al., 1987; Potter et al., 1984) . However, only 410% of the electroporated cells remained alive after 48 hr, i.e., at the time of analysis or sorting. Insufficient recovery from the electroporation and toxicity by the episomal replication of the plasmid in transfected cells probably accounted for this result. Low cell survival is a crucial problem in the case of an actual cloning, because it forces transfection of inconveniently large numbers of cells (see below). Therefore, both protoplast fusion and electroporation appeared poorly suitable for our purposes. Lipofection was performed with Lipofectin (Gibco BRL) according to the manufacturer's instructions. A preliminary comparison with calcium phosphate co-precipitation indicated that both procedures transfected at least 30% of the COS-7 cells. Transfection with calcium phosphate is a simple technique (Alberti et al., 1994; Alberti and Fornaro, 1990; Sambrook et al., 1989; Alberti and Herzenberg, 1988; Kavathas and Herzenberg, 1986) and is cheaper than lipofection for large-scale experiments. Therefore, it was chosen for further development. Relatively little is known about the molecular mechanisms of cell transfection with DNA (Orrantia and Chang, 1990) . Therefore, we concentrated on testing different tissue culture conditions and variables of the coprecipitation procedure. of tissue culture medium prepared from powder suggested an influence of pH and/or osmolarity of the medium on transfection efficiency. However, our findings prove that the optimal pH is near neutral and the optimal osmolarity is around 285 mOs. Cell trypsinization also affected the transfection efficiency (not shown). The type of tissue culture plasticware (Nunclon) and the quality of the tissue culture media (GibcolHyClone) also proved important. We compared transfections performed in 5% or 7% of CO2 incubators. In the presence of 7% CO2, i.e., at lower pH and higher concentration of carbonic acid, we observed a lower growth rate of COS-7 cells, an increase in autofluorescence, and 10-30% fewer positive cells. Because raising the pH of lysosomes with chloroquine can increase the efficiency of transfection (Attardi, 1992; Luthman and Magnusson, 1983) , we treated COS-7 cells with 50 or 100 pM chloroquine during the 24 h of exposure to DNA. In our hands the chloroquine treatment did not improve the efficiency of transfection.
CaClz from different brands (Baker, Sanford, ME; Merck, Darmstadt, Germany; and Mallinkrodt Speciality Chemicals; Chesterfield, MO) were compared. CaC12 from Mallinkrodt (Kavathas and Herzenberg, 1986) showed the highest transfection efficiency. However, we noted an up to fourfold different efficiency of different batches of Mallinkrodt CaC12. In all subsequent experiments we used a 1984 batch that possessed the highest transfection efficiency. Careful pHing of the 2 x HBS within 0.05 pH units, i.e., the error limit of good pH meters, was confirmed to be a critical variable (Sambrook et al., 1787; Kavathas and Herzenberg, 1986) .
Glycerol Shock. A glycerol shock was performed on COS-7 cells after 4 or 24 hr of exposure to precipitated DNA. A representative experiment is shown in Figure 3 . Glycerol shock improved the efficiency of transfection when the cells were exposed to DNA for 4 hr and were treated with the glycerol solution for 1 min ( Figure  3A ) (Attardi, 1992; Lopata et al., 1784) . On the other hand, the glycerol shock reduced the transfection efficiency after a 24 hr exposure to DNA (Figures 3B vs 3D ). Because the glycerol shock did not prove clearly superior to a conventional 24-hr exposure to DNA, it was not routinely adopted in our transfections.
Carrier DNA. Plasmid DNA for transfections was precipitated in calcium phosphate with or withour carrier DNA. Carrier DNA was indifferently extracted from various sources, i.e., the human 143B and IGROV-1 cell lines, the monkey COS-7 cells, the mouse L TK-, F7, and 3TD cell lines, the C3POp mouse hybridoma, CWB and Balblc fresh splenocytes. salmon sperm, fresh human PBL, and adherent monocytes (Alberti and Fornaro, 1790; Alberti and Herzenberg, 1988) . The use of carrier DNA increased transfection efficiency from 1.5-to 24-fold vs plasmid alone, depending on the batch of carrier DNA used. Examples are shown in Figure 2 and Table 2 . Each DNA batch maintained a reproducible transfection efficiency over time, confirming a crucial influence of the DNA extraction procedure on transfection efficiency (Alberti and Fornaro, 1970) . DNA extracted in GITC (Alberti and Fornaro, 1990) possessed the highest transfection efficiency. Sonicated salmon sperm DNA banded in CsCl showed 50-70% of the average transfection efficiency of GITC DNA (Figure 2) . Therefore, it proved a convenient alternative to GITC-extracted DNA for large-scale experiments, being cheaper and easier to produce. Plasmid DNA. We compared the efficiency of transfection of plasmid DNA prepared according to either miniprep, Qiagen, or CsCl banding protocols (Tible 2). Best results were obtained with DNA banded in CsCI-ethidium bromide after either Triton or alkaline lysis (Sambrook et al., 1989) . Because residues of CsCl adversely affect the efficiency of transfection, plasmid DNA was purified either over a salt exchange column or by dialysis or by diluting fivefold in water the banded plasmid before ethanol precipitation at -20°C. Ten pg of plasmid DNA per 10-cm-diameter plate was routinely used. Lower amounts decreased the percentage of transfected cells. For example, 0.6 pg of plasmid per plate transfected at 1/40 the efficiency of 10 pg. A plateau in transfection efficiency (Attardi, 1992 ) was reached with 20 pg of plasmid DNA per dish, which produced levels of expression 650% higher than with 10 pg of DNA.
Timing of the Flow Cytometric Analysis. Cells were analyzed either 48 or 72 hr after the transfection. The percentage of positive cells was roughly equivalent at the two time points, whereas the net fluorescence showed a modest (less than 10%) decrease at 72 vs 48 hr. The absolute number of transfected cells analyzed after 72 hr was on average 1.5-fold higher than at 48 hr. The recovery of plasmid DNA from equal numbers of cells was about twofold higher from cells lysed at 48 hr than at 72 hr (data not shown). Therefore, protein analysis, e.g., for immunoprecipitation, was routinely performed 72 hr after the transfection. On the other hand, plasmid DNA recovery and RNA extraction were performed 48 hr after the transfection. All analyses presented (Figures 1-7) were obtained 48 hr after the transfection.
Antigen Shedding. A near-negative peak, i.e., a distinct peak of dimly staining cells, is present in several of the profiles we have obtained (Figures 2-4,6, and 7 ). An overlap between untransfected cells ( Figures 4A and 4B , Region 2) and a broad distribution of bright transfectants ( Figures 4A and 4B Green Fluorescence Intensity experiments between mock-transfected and TROP2-transfected COS-7 cells. Twenty-four hours after the transfection, we harvested the transfected cells and mixed known percentages of mock and TROP2 transfectants. After a further 24-hr incubation, the different groups of transfectants were analyzed. If shedding and recapture of the transfected antigen were significant, dim staining cells in the mixture were predicted to be more numerous than the dim TROP2 transfectants added to the culture. Figure 4 presents an example of two-color fluorescence analysis of FIX-MAb-stained mixtures of 40% mock transfected and 60% TROP2 transfected cells. Fluorescence overcompensation in the red channel (Alberti et al., 1991) was used to displace bright FITC-stained cells to the nearzero region in the red dimension (Region 1). The percentages of staining cells were calculated by subtracting the percentages of cells in the different regions of Figure 4C from the corresponding regions of Figure 4A or Figure 4B . The percentage of bright TROP2 transfectants is 31.6% in the TROP2-transfected population (Region 1 of Figure 4A ) and 20% in the cell mixture (Region 1 of Figure 4B ). Thus, the cell mixture contains 36.7% fewer bright cells than the original TROP2 transfection, which is in reasonable agreement with the 40% of mock transfectants added. If Trop2-staining cells in region 2 were real transfectants, a similar decrease in the number of staining cells in Figure 4B vs Figure 4A was expected. Therefore since 13.4% of positive cells are present in Region 2A, 8.5% of staining cells were expected in Region 2B. On the contrary, the latter contained 11.9% staining cells. Therefore, some antigen shedding occurs during the transfection procedure. To avoid this problem, all the percentages of transfected cells presented in this article have been obtained by two-color fluorescence gating around Region 1.
GFP Transfection. We have obtained very high efficiency of transfection of GFP, i.e., a spontaneously fluorescent intracytoplasmic molecule ( Figure 5B ). Because we did not use antibodies to reveal GFP, these data independently confirm that the high efficiency of transfection obtained (Figures 5-7) is not an artifact caused by nonspecific antibody staining.
Separation of Transfected Cells
In preliminary experiments, isolation of transfected cells from mixtures with untransfected cells using panning on antibody-coated plates proved unsatisfactory (data not shown). Therefore, we tested separation procedures with magnetic antibody-coated Dynabeads or immunofluorescence-activated flow cytometry.
Dynabeads. We tested separation with Dynabeads (Brinchmann et al., 1988) 
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L-cell transfectants (Alberti et al., 1994; Alberti and Hertenberg, 1988) . Since the cell mixtures were stained with FITC-anti-Trop-1 MAb before the isolation with Dynabeads, it was possible to directly analyze the separated cells by flow cytometry. Most of the TROPl transfectants were efficiently bound by the Dynabeads and removed from the mixture. On the other hand, a large number of untransfected L-cells remained nonspecifically attached to the Dynabeads. Therefore, the enrichment of TROPl transfectants obtained was poor, i.e., less than fivefold, on average, calculated as in Miltenyi et al. (1990) and Wixler et al., (1994) .
Flow Cytometry. In our hands, the flow cytometric separation of stable Trop-1 transfectants from 1% mixtures with untransfected (Miltenyi et al., 1990; Parks et al., 1986) . To further improve the efficiency of detection of transfected cells, we subtracted the cellular autofluorescence background (Alberti et al., 1987) The improvement in the purity and efficiency of cell sorting obtained by applying these techniques varies depending on the intensity of the fluorescent signal of the transfected cells (Yamasaki et al., 1988) . For well-separated, brightly stained cells the improvement is negligible, because only a further separation between stained and unstained cells is obtained. For dimly stained cells the improvement is crucial and allows efficient sorting from samples otherwise impossible to work with.
'
Excessively long sorting times were avoided, as it was possible to recover transfected DNA from 2500-3000 sorted cells. The latter were sufficient to generate between 1000 and 5000 bacterial colonies after transformation. This corresponds to an average of one bacterial colony per sorted cell (Rice et al., 1991) . We have been unable to obtain 'efficient bacterial transformation in sorting less than 1000 cells (unpublished observation), probably because of inefficient recovery of episomal DNA.
We tested the overall efficiency of our procedure in reconstitution experiments. We transfected mixtures of CDM8 vector DNA with different amounts of rCD2 in CDM8. A representative experiment is presented in Figure 6 . Cells were detected at a dilution of at least 1 expressible clone in lo5 constructs, which confirms good transfection efficiency and compares favorably with published results (Rice et al., 1991 ). An independent confirmation of these results is the cloning of a single TROP2 cDNA from about lo5 independent clones (see below).
Gene Cloning
We have applied our optimized procedure to the cloning of the TROP2 cDNA. We constructed a cDNA library in the CDM8 vec- ' Reference group; stained untransfected cells had a mean fluorescence of 4.6 f 1.5 AU.
tor using poly-A+ mRNA from the OVCA-432 cell line, which expresses gp>O/Trop-2 at high levels. The first selection was applied to COS-7 cells transfected with a pool of 6.5 x lo4 independent clones. TROP2-transfected cells were detected at a frequency of
Sorting cells at a rate of 2000 cells per second, we performed a successful sort in 4 hr. One in a thousand clearly stained cells was observed in the second transfection ( Figure 7A ). The accuracy of this estimate was confirmed in four separate experiments. Eleven percent stained cells, i.e., a marked increase in the percentage of cells expressing gp>o/Trop-2, were observed in the third transfection ( Figure 7B) . However, unexpectedly, we observed only 2-3% ofstained cells in the fourth transfection ( Figure 7C ). This finding was confirmed in four separate experiments. To exclude technical problems, TROP2-expressing cells at the third transfection stage were independently sorted in two other experiments and two more sets of third-round Hirt extracts were analyzed. The puzzling fall in the percentage of positive cells in the fourth transfection was confirmed. Finally, about 200 bacterial colonies from the fourthround Hirt extract were independently analyzed by restriction mapping and transfection, and none was found to contain a TROP2 cDNA. Therefore, we resorted to the third-round Hirt extract. The latter originally derived from 2000 colonies. After a novel transformation of bacteria with the amplified Hirt DNA, about 10,000 colonies were subdivided into four pools of 2000 colonies and four pools of 256 colonies. All pools were analyzed separately. One of the 2000-colony pools (not shown) and one of the 256-colony pools ( Figure 7D ) detectably transfected for Trop-2. The 256-colony pool was divided into 16 pools and analyzed. One of the 16-colony pools transfected for gp5oITrop-2 ( Figure 7E ) and one colony of the pool harboured a TROP2 cDNA ( Figure 7F ; see also Figures 1, 3, and 4) . The unexpected problems at the final stages of the isolation of the TROP2 gene are worth a brief discussion. Comparison of Figure 7D with Figure 7B indicates that a 256-colony fraction generates a much lower percentage of positives than the whole pool originally corresponding to 2000 bacterial colonies. This finding parallels a lower percentage of positive cells at the fourth round of transfection vs the preceding round of purification. Therefore, the TROP2 cDNA was expressed at specific stages of enrichment much better than its frequency of representation would have predicted. A possible explanation is a progressive rearrangement of plasmids containing the gene of interest, because of recombination. This phenomenon had already been described by several laboratories working with CDM8. However, it was inconsistent with the normal restriction mapping of CDM8 transformants isolated after the third sort. An alternative explanation is interference of the CDMS vector with the expression of the cDNA for TROP2. This has been proved in other systems where either the viral promoter of the vector utilizes cellular factors necessary for the expression of the insert or the episomal replication of the vector interferes with the transcription of the insert. Interestingly, indeed, CDMS contains in the polylinker/stuffer region a tetR regulatory element (Seed and Amffo, 1987) . However, because the latter is a prokaryotic transcriptional regulator, it is expected to be inactive in eukaryotic cells. A third explanation was a helper effect of co-transfected vector molecules on the expression of TROP2. To determine whether or not the tetR element in the stuffer of the wild type CDM8 was a good candidate for a helperlinterference effect, we tested this hypothesis. Reconstitution experiments were performed by mixing either CDM8Istuffer or ICAM-1-CDM8 with progressive dilutions of the TROPZ gene. The different mixtures were transfected in COS-7 cells and analyzed separately. However, we have been unable to detect a potentiating effect of the CDM81stuffer on highly diluted TROP2 (data not shown).
Whatever the molecular explanation for the findings above, we have been able to efficiently identify and solve unexpected problems of the cloning process by flow cytometric monitoring of the procedure. This is a further advantage of flow cytometry over other bulk separations (Wixler et al., 1994; Miltenyi et al., 1990; Brinchmann et al., 1988; Seed and Aruffo. 1987) . It should also be noted that the net fluorescence of TROP2 after transfection in COS-7 cells is at least sixfold lower than that of the rCD2 cDNA used to develop the present technique ( Figure 7F vs Figure 5A ). Therefore, this procedure can be applied to the cloning of cDNA with relatively low levels of expression. Moreover, only one TROP2 cDNA was apparently present in the original library of 6.5 x lo4 independent clones. Indeed, when we screened by hybridization 2.5 x lo5 plated clones from the nonamplified library, we isolated six TROP2 colonies, i.e., about 1 in 4.2 x lo4 independent clones. Therefore, our procedure is applicable to the cloning of rare transcripts.
Discussion
Gene cloning by expression is a powerful approach that allows the isolation of genes when no sequence information is available and makes it possible to obtain essentially full-length expressible constructs. The aim of the present work was to develop a high-efficiency transfection and selection procedure for expression gene cloning by flow cytometry. We started from the procedure developed by Seed and Aruffo (1987) , as it had been successfully used in several instances (see, e.g., Simmons et al., 1988; Yamasaki et al., 1988; Seed and Aruffo, 1987) . This approach is based on expression screening of cDNA libraries constructed in the CDM8 vector (Seed and Aruffo, 1987) . CDMB libraries are typically transfected in COS-7 cells by protoplast fusion and transfected cells are selected by panning on Petri dishes coated with the appropriate antibody. Because cells expressing the gene of interest contain the corresponding cDNA as an episome, simple techniques such as extraction of Hirt (Sambrook et al., 1989; Seed and Aruffo, 1987) allow cloning of the gene. In practice, irrelevant cells contaminate the population of true transfectants (Rice et al., 1991) and irrelevant plasmids are cotransfected with the plasmid of interest. Both factors reduce the efficiency of the cloning procedure and become critical when the frequency of transfection and the levels of expression of the gene of interest are low. Therefore, we felt it necessary to improve the efficiency of the transfection and selection procedures. Immunofluorescence flow cytometry was used to quantify the efficiency of transfection of different protocols. Comparison among different experimental groups was mostly performed on the basis of their net fluorescence. This approach has several advantages. First, it measures the total amount of protein produced in a transfection, which is a crucial endpoint of the procedure. Second, it is responsive to differences in the shape of the distribution of the immunofluorescence values obtained. Third, it is independent from any specific method for estimating the percentage of positive cells (see above; and Lampariello, 1994) . Finally, it is more sensitive to differences than the percentage of positive cells, since it is affected by the different levels of expression of the transfected cells. We proved that variability in transfection efficiency is quite limited within the same assay. Therefore, a comparison between different transfection protocols could be performed safely. We detected some uptake of shedded antigen by untransfected cells. Hawever, true transfectants could be clearly identified after displacement in the red dimension (Alberti et al., 1991) . Therefore, we routinely applied this procedure during the course of this work.
Calcium phosphate co-precipitation was extensively investigated after favorable comparison with lipofection, electroporation, and protoplast fusion. Several components of the calcium phosphate co-precipitation procedure were proved critical. We found it important to use carrier DNA purified in GITC, as previously shown in stable transfections (Alberti and Fornaro, 1990) . CsCI-banded salmon sperm DNA proved also suitable for large-scale applications. We have not systemically investigated possible adverse effects of carrier DNA on the episomal replication of the transfected plasmids or on their recombination frequencies. However, we have found no evidence for either one during the course of our studies and during the cloning of the TROP2 gene. Plasmid DNA purified in CsCl transfected efficiently, a convenient alternative being Qiagen column purification. In our hands, miniprep protocols proved entirely inadequate. CaCl2 was shown to be a critical reagent, the Mallinkrodt brand producing the best results. Interestingly, we found large differences in transfection efficiency even among different batches of Mallinkrodt CaClz. We speculate that this may result from trace impurities (e.g., other metals, carbonates). Each of the reagents tested maintained a highly reproducible transfection efficiency over at least 4 years of use when stored sterile at room temperature.
Several tissue culture parameters were also found critical for highefficiency transfection. In particular, we demonstrated important the cell density and the time of cell seeding. We also repeatedly observed that cells in poor growth conditions were transfected very poorly. Conversely, successful transfections were characterized by excellent cell morphology before the exposure to DNA, followed by marked signs of cell suffering, i.e., reduction in cell number, worsening morphology, and increasing debris in the culture medium, appearing roughly 24 hr after the transfection. We speculate that the latter may result from a synergic toxicity of the calcium phosphate/DNA precipitate, the overreplication of the transfected plasmids, and the overproduction of the transfected protein.
Our best current protocol of calcium phosphate co-precipitation can transfect the vast majority of the COS-7 cells plated, which compares very favorably with results obtained by other laboratories (Attardi, 1992; Lin et al., 1992; Puchalski and Fahl, 1992; Pilon et al., 1991; Rice et al., 1991) . Transfection of GFP, a spontaneously fluorescent protein, confirms our high efficiency of transfection and excludes artifacts originated by antibody staining. Our protocol is applicable to other cell lines. In fact, the 239T cells (Rice et al., 1991) show an even higher transfection efficiency than COS-7 cells (unpublished observation).
Several procedures that increase the efficiency of transfection in other systems (Attardi, 1992; Sambrook et al., 1989; Lopata et al., 1984; Luthman and Magnusson, 1983) did not do so in our hands. Examples are the treatment with chloroquine and, to a cer-tain extent, with glycerol (Attardi, 1992; Lopata et al., 1984; Luthman and Magnusson, 1983) . We suggest two nonmutually exclusive explanations. The first one is that, because of its efficiency, our protocol has a differentlhigher limiting step from the published protocols that adopt a glycerol shock or a chloroquine treatment. The second one is that, given the delicate balance between different factors that influence the efficiency of transfection, e.g., pH (Attardi, 1992) , damage to the cells (Fechheimer et al., 1987) , and damage to the transfected DNA (Postel, 1985) , modifications that do well in one context may not do as well in another one.
Selection of expressing cells was performed with best purity and recovery by cell sorting, whereas antibody-coated magnetic beads and panning proved less satisfactory. The use of the flow cytometer permitted us to subtract the green autofluorescent background (Alberti et al., 1987) , to displace FITC-labeled cells in the red channel (Alberti et al., 1991) and to amplify the signal of positive cells by combining FIX-anti-Trop-2 MAb and FITC-goat anti-mouse antisera. With the combined use of all the procedures above we can identify and efficiently sort truly transfected cells, even when they express very low levels of the antigen of interest. Indeed, we can identify cells transfected with one relevant cDNA clone dispersed in at least lo5 irrelevant ones. This finding was confirmed by the cloning of TROP2, a novel human gene expressed by cancer cells (Alberti et al., 1992) , from a pool of 6.5 x lo4 independent clones. Success in the latter instance suggests a wide applicability of this procedure to gene cloning, even when the gene of interest is not expressible at high levels or derives from rare transcripts. Moreover, it confirms the usefulness of flow cytometry for monitoring the progress of the cloning procedure.
